Abstract
INTRODUCTION
Vasospastic angina (VSA) is characterized by coronary spasms, which occur because of a dynamic, transient decrease in the luminal diameter of epicardial coronary arteries due to increased vasomotor tone, ultimately leading to myocardial ischemia [1, 2] . Abnormal vascular functions of the epicardial coronary arteries, including endothelial dysfunction [3, 4] and vascular smooth muscle dysfunction [5] [6] [7] , play pivotal roles in VSA pathogenesis. However, there are few studies that have investigated coronary microvascular function in patients with VSA [8] [9] [10] [11] [12] Therefore, to confirm the presence of coronary microvascular dysfunction in patients with VSA, we investigated their endothelium-dependent and -independent coronary microvascular functions and compared the results with those of patients without VSA.
MATERIALS AND METHODS

Study population
Thirty-six patients with VSA (VSA group; 30 males and 6 females; mean age, 58 years) diagnosed by a positive spasm provocation test and another 36 patients with negative results of the spasm provocation test performed for the evaluation of chest symptoms (nonVSA group) were enrolled in this study. The 2 groups were well matched with respect to age and sex. Patients with organic coronary stenosis (> 50%), history of myocardial infarction, cardiomyopathy, heart failure, or any other serious medical condition were excluded from the study. Written informed consent was obtained from all patients prior to the study. The protocol was approved by the Ethics Committee of our institution.
Study protocol
All antianginal agents were discontinued at least 48 h prior to catheterization with the exception of sublingual nitroglycerin (NTG), which was withheld for 1 h prior to catheterization. Diagnostic left heart catheterization and coronary angiography were performed using a standard percutaneous brachial approach. A 6F guide catheter was introduced into the left main coronary artery. A 0.0014 Doppler flow guidewire (Volcano FloWire; Volcano Therapeutics Inc., Rancho Cordova, CA, United States) was advanced through the guide catheter into the proximal segment of the left anterior descending coronary artery (LAD). The wire tip was positioned in a straight segment of the vessel to obtain a reliable flow velocity signal.
After baseline control conditions were established, incremental doses (3 and 30 μg/min) of acetylcholine (ACh) were infused into the left coronary artery for 2 min, with 5-min intervals between consecutive doses. If a coronary spasm was not induced by ACh, incremental doses of methylergometrine maleate (EM) were infused into the left coronary artery (10, 20, and 30 μg/min) for 1 min, with 1-min intervals between consecutive doses. If coronary spasms were not induced by this infusion also, incremental doses (15 and 25 μg/min) of EM were infused into the right coronary artery following the same protocol as that followed for the left coronary artery. When coronary spasms were induced or EM infusion was discontinued, because coronary spasms were not provoked, NTG (200 μg) was administered by intracoronary injection. Intracoronary ACh and EM were administered using an infusion pump (TE-311; Terumo, Tokyo, Japan) at a rate of 1 mL/min. Coronary angiography was performed immediately after the appearance of chest symptoms and/or ST segment changes after each dose of ACh administration, after the last dose of EM when neither chest symptoms nor ST segment changes were induced, or 2 min after NTG injection. Finally, adenosine triphosphate (20 μg) was infused into the left coronary artery. Coronary blood flow (CBF) velocity was monitored continuously using a 12-MHz pulsed Doppler velocimeter (FloMap; Volcano Therapeutics Inc.). Arterial pressure, heart rate, and electrocardiography (ECG) readings were monitored continuously and recorded using a multichannel recorder (Polygraph 1600; Nihon Electric Corporation, Tokyo, Japan).
Quantitative coronary angiography
A method for measuring the coronary artery diameter has been described previously [13] [14] [15] [16] . The coronary segment 2 mm distal to the Doppler wire tip, which was not the spastic segment was selected for quantitative analysis. For each patient, luminal diameters of the selected LAD segments were measured by a single investigator blinded to the clinical data, using an end-diastolic frame by a computer-assisted coronary angiographic analysis system (CAAS II/QUANTCOR; Siemens, Berlin, Germany). Measurements were performed 3 times, and the average value was used for analysis. Changes in coronary artery diameter in response to ACh and NTG infusion were expressed as percentage changes from baseline angiographic measurements obtained before infusion. Intraobserver and interobserver variability of this method were previously shown to be excellent [17] .
Estimation of CBF and coronary flow reserve
Coronary flow reserve (CFR) was calculated as the product of CBF velocity and vessel diameter using the following formula: π × average peak velocity × 0.125 × diameter 2 . For CBF calculations, the internal diameter of the vessel at the location of the flow measurements (2 mm distal to the wire tip) was measured using the method described above. CFR was calculated as the ratio of CBF velocity after adenosine triphosphate infusion to the baseline velocity.
Definitions
VSA was defined as ≥ 90% narrowing of the epicardial coronary arteries on angiography performed during the spasm provocation test, presence of characteristic chest pain, and/or ST-segment deviation on ECG [18] . The LAD trunk was divided into proximal, middle, and distal segments of equal lengths. The location of the spastic segment is expressed with reference to these 3 segments. When coronary spasms occurred diffusely from the proximal to the distal segment, the location was defined as proximal, middle, and distal. A diffuse spasm was defined as that when the length of the spastic segment was ≥ 20 mm, and a focal spasm was defined as that when the length of the spastic segment was < 20 mm. A totally occluded spastic segment was also considered to represent a diffuse spasm. In the present study, coronary spasms occurred in all LADs and also in the left circumflex coronary artery in some VSA patients (multivessel spasm). The duration of angina was obtained from the patients' medical examinations performed via interviews.
As described previously [14, 17, [19] [20] [21] , in the present study, we adopted the percent changes in epicardial coronary diameter in response to ACh and NTG infusions as the endothelium-dependent and -independent functions of the coronary artery at the level of conduit vessels, and adopted the percent change in CBF in response to ACh infusion and CFR as the endothelium-dependent and -independent functions of the coronary artery at the level of resistance vessels.
Biochemical markers and assessment of coronary risk factors
Fasting blood samples were obtained on the same day of coronary angiography. The patients were questioned about their smoking status and classified as a current smoker, past smoker (who had stopped smoking for at least 1 mo), or nonsmoker. Blood pressure was measured, and hypertension was defined as present if systolic blood pressure was ≥ 140 mmHg, diastolic blood pressure was ≥ 90 mmHg, and/or the patient was on antihypertensive drugs. Blood chemistry parameters, including levels of total cholesterol, triglycerides, high-density lipoprotein cholesterol, fasting blood sugar, insulin, hemoglobin A1C, and creatinine were also measured. Low-density lipoprotein cholesterol was calculated using the Friedewald equation [22] . Hyperlipidemia was defined as present if low-density lipoprotein cholesterol was ≥ 120 mg/dL and/or on the patient was on medication for the same. Diabetes mellitus was defined as present if fasting blood sugar was ≥ 126 mg/dL, hemoglobin A1C was ≥ 6.5%, and/or the patient was on medication for the same.
Statistical analysis
All data are expressed as mean ± SD. Baseline characteristics of the 2 groups were compared using the Student's unpaired t-test or χ 2 analysis as appropriate. The Pearson's correlation coefficient was used to investigate the relationship between coronary microvascular parameters and clinical parameters. A P value of < 0.05 was considered statistically significant.
RESULTS
Patient characteristics and blood chemistry parameters
Patient characteristics are presented in Table 1 . Body mass index (BMI) was significantly lower in the VSA group than in the nonVSA group. The frequency of conventional coronary risk factors and the rate of statin use were similar between the 2 groups. The left ventricular ejection fraction as evaluated by echocardiography was similar between the 2 groups. The duration of angina was 9 ± 2 mo. The results of blood chemistry analysis were similar between the 2 groups ( Table 2) .
Angiographic characteristics of coronary spasms in the VSA group Although coronary spasm was not induced by ACh infusion at 3 μg/min, it was induced by ACh infusion at 30 μg/min in 14 patients, EM infusion at 20 μg/min in 1 patient, and EM infusion at 30 μg/min in 21 patients. Coronary spasm occurred in the proximal segment in 1 patient; proximal and middle segments in 1 patient; middle segment in 14 patients; middle and distal segments in 8 patients; distal segment in 6 patients; and proximal, middle, and distal segments in 6 patients. Therefore, coronary spasm occurred in the distal segments in 20 patients (56%). A focal spasm was identified in 13 patients (36%), while a diffuse spasm was identified in 23 patients (64%). Multivessel coronary spasm occurred in 6 patients (17%).
Coronary vasomotion in response to drugs
Low-dose ACh infusion (3 μg/min) did not cause coronary spasms; therefore, we adopted the coronary artery response to low-dose ACh as the endothelial-dependent between patients with VSA characterized by coronary spasms in LAD and age-matched and sex-matched patients who tested negative in the coronary spasm provocation test. ACh-induced changes in the epicardial coronary arteries were impaired in the VSA group; however, other vascular functions, such as NTG-induced epicardial coronary artery dilatation, CFR, and ACh-induced increase in CBF, were similar between the 2 groups. Coronary endothelial dysfunction at the level of conduit vessels, but not at the level of resistance vessels, may contribute to VSA pathogenesis. The vascular endothelium is not only a simple passive barrier between the circulating blood and surrounding tissues but also a multifunctional organ, the integrity of which is essential to normal vascular physiology [23] . It releases various vasodilators, including nitric oxide (NO), prostacyclin, and endothelium-derived hyperpolarizing factor, as well as vasoconstrictors. NO plays an important role in the regulation of vascular tone, inhibition of platelet aggregation, and suppression of vascular smooth muscle cell proliferation [24, 25] . ACh causes vasodilation by releasing NO from the endothelium in healthy humans, whereas it causes vasoconstriction in patients with coronary atherosclerosis [23, 26] . The coronary arteries in patients coronary artery parameter. The results of coronary vasomotion in response to each drug are shown in Table  3 and Figures 1 and 2 . Heart rate, mean blood pressure, coronary artery diameter, and CBF at baseline did not differ between groups. The change in coronary artery diameter in response to ACh infusion at 3 μg/min was lesser in the VSA group than in the nonVSA group, although NTG-induced coronary artery dilatation was similar between the 2 groups (Table 3 and Figure 1 ). CFR and CBF increase in response to low-dose ACh infusion did not differ between groups (Table 3 and Figure 2 ). Neither CFR nor the increase in CBF induced by lowdose ACh was correlated with several clinical factors, including age, duration of angina, smoking status, and presence of diffuse and distal spasms (Table 4) .
DISCUSSION
In the present study, we compared endothelium-independent and -dependent coronary microvascular functions with VSA are highly sensitive to the vasoconstrictive effect of intracoronary ACh infusion, thereby resulting in spasms [27] [28] [29] . Thus, intracoronary ACh injection is used as a provocative test for coronary spasm [27] [28] [29] . Therefore, in the present study, we assessed coronary endothelial function using low-dose ACh infusion (3 μg/min), which did not cause significant coronary spasms.
Regarding coronary vascular function at the level of conduit vessels, it is accepted that abnormal vascular function of the epicardial coronary arteries is present in VSA patients [3] [4] [5] [6] [7] , although it has not been clarified whether coronary endothelial dysfunction only, coronary smooth muscle dysfunction only, or both contribute to VSA pathogenesis [3, 5] . In the present study, low-dose ACh infusion caused significant vasoconstriction in patients with VSA compared with those without, whereas NTG administration did not cause significant differences between groups, suggesting that endothelial dysfunction of the epicardial coronary artery was present in patients with VSA.
Regarding coronary microvascular function in patients with VSA, several studies have investigated the coronary microvascular endothelium -independent function using CFR measurements [9] [10] [11] [12] . According to these reports [9] [10] [11] [12] , several clinical factors, including patient age, disease period, smoking status, and presence of diffuse and distal spasms were associated with decreased CFR. In the present study, CFR in the VSA group was not decreased compared with that in the nonVSA group. In addition, CFR in the VSA group was not associated with any clinical parameter suggested by previous studies [9] [10] [11] [12] . Our subjects were patients with VSA characterized by coronary spasms in LADs. However, coronary spasms occur in other coronary vessels as well [30, 31] , and it sometimes occurs prominently in the right coronary artery. Therefore, the assessment of coronary microvascular function only in LADs may be insufficient to determine coronary microvascular function in patients with VSA. Furthermore, the nonVSA group in which patients underwent coronary angiography and spasm provocation tests for the evaluation of chest symptom s may have included patients with microvascular angina. It is well known that coronary microvascular function is impaired in such patients [32] . However, if such patients were included in the nonVSA group, CFR in this group would have already been low. Differences in these patient characteristics as well as differences in methodologies and materials, such as the stress agents, their doses, the administration sites (intravenous or intracoronary), and segments in which Doppler flow guidewires are placed, may have led to the differing results.
On the other hand, only few studies have investigated the coronary microvascular endothelium-dependent function. Okumura et al [8] showed that CBF significantly increased during coronary spasms in LAD, indicating that the microvascular endothelium-dependent function was preserved. Our results, assessed under the nonspastic status, showed that microvascular endothelial function was not impaired in the VSA group compared with that in the nonVSA group. As mentioned above, it was possible that the microvascular endothelial function was already impaired in the nonVSA group if patients with microvascular angina were included. However, our results showed that coronary microvascular endothelial dysfunction was not involved in the pathogenesis of VSA.
Our results suggest two clinical implications. First, endothelial dysfunction of the epicardial coronary artery, even at the nonspastic segment, was present in patients with VSA. Although endothelial dysfunction may occur throughout the vasculature, the degree of endothelial dysfunction may not always be consistent. Regarding the relationship between the presence of a myocardial bridge and VSA [33] , it is possible that local external force may cause the difference in the development of endothelial dysfunction even in the same coronary artery. Therefore, the differences in the degree or development of endothelial dysfunction of the epicardial coronary artery may cause the heterogeneity of occurrence of a coronary spasm. Second, coronary microvascular function may be preserved in patients with VSA to countermeasure myocardial ischemia due to vasospasm of the epicardial coronary artery.
There were several limitations to the present study. First, as mentioned above, coronary spasms do not always occur in LAD; therefore, our results may not have accounted for all VSA patients. Second, patients in the nonVSA group with chest symptoms, angiographically normal coronary arteries, and a negative spasm provocation test may be heterogenous; in addition, patients with microvascular angina may have been included in this group. Therefore, it was possible that the nonVSA group was not a pure control. Finally, BMI was not similar between the 2 groups. ACh doses, which were not adjusted according to BMI in the present study, may have contributed to ACh-induced coronary vascular responses. However, coronary artery diameter and CBF at baseline was similar between groups, and we believe that differences in BMI did not affect the coronary vascular responses.
In conclusion, the present study showed that coronary microvascular function, including endotheliumdependent and -independent functions, may be preserved despite coronary endothelial dysfunction at the level of conduit vessels. The latter may contribute to VSA pathogenesis.
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COMMENTS
Background
Vasospastic angina (VSA) is characterized by coronary spasms, which occur because of a dynamic, transient reduction in the luminal diameter of epicardial coronary arteries, leading to myocardial ischemia. It has been reported that abnormal vascular functions of the epicardial coronary arteries were involved in the pathogenesis of VSA. However, coronary microvascular function in patients with VSA remains to be elucidated.
Research frontiers
The pathogenesis of VSA remains to be unclear. Therefore, to assess coronary vascular response, especially at the level of resistance vessels, may, in part, contribute to the pathogenesis of VSA.
Innovations and breakthroughs
Several studies investigating coronary vascular function in patients with VSA have been reported and their results have identified coronary vascular dysfunction at the level of the conduit vessels. However, it has not been clarified whether coronary endothelial dysfunction only, coronary smooth muscle dysfunction only, both contribute to VSA pathogenesis. Furthermore, only a few studies have investigated coronary microvascular functions in patients with VSA. In the present study, the authors assessed coronary vascular functions using quantitative coronary angiography and Doppler velocity measurements in VSA patients whose coronary spasm occurred in the left anterior descending coronary artery, and compared them with those in nonVSA patients with negative spasm prevocational test. The results showed that the change in coronary artery diameter in response to a low dose of acetylcholine (ACh) was lower in the VSA group, whereas nitroglycerin-induced coronary artery dilatation and coronary blood flow increase in response to ACh or coronary flow reserve did not differ significantly between the 2 groups. These findings suggest that microvascular coronary function may be preserved despite endothelial dysfunction of the epicardial coronary arteries in patients with VSA.
Applications
The results suggest two clinical implications. First, endothelial dysfunction of the epicardial coronary artery was present in patients with VSA. Second, coronary microvascular functions including endothelium-dependent and may be preserved in patients with VSA. Such coronary vascular response may highlight the pathogenesis of VSA. In addition, the latter finding may countermeasure myocardial ischemia due to vasospasm of the epicardial coronary artery.
Terminology
Regarding coronary vascular functions, there are two components: at the level of conduit vessels (epicardial coronary artery) and at the level of resistance vessels (microvascular coronary artery). In addition, regarding the factors of coronary artery vasodilation, there are two factors: endothelium-dependent and -independent ones. In the present study, using quantitative coronary angiography and Doppler velocity measurements, the authors defined the percent changes in epicardial coronary diameter in response to ACh and NTG infusions as the endothelium-dependent and -independent functions of the coronary artery at the level of conduit vessels, and defined the percent change in coronary blood flow in response to ACh infusion and coronary flow reserve as the endothelium-dependent and -independent functions of the coronary artery at the level of resistance vessels.
